Nanoscale tip apexes of conducting cantilever probes are important enablers for several conducting probe technologies that require reliable long-term operation, while preserving the nanoscale integrity of the tip apex. In this paper, the concept of an encapsulated tip with a nanoscale conducting core is presented. A method to fabricate such tips on conducting silicon microcantilevers is described. Long-term conduction and wear reliability of these nanoscale tips are evaluated systematically, and their ability to operate for sliding distances greater than 2 m in conduction and 11 m in wear on amorphous carbon is demonstrated. These results are expected to have an impact on the future of conducting probe-based technologies such as probe-based nanometrology, data storage and nanolithography.
Introduction
The demand for reliable, high density data storage at low cost is expected to continue to be strong in light of the everincreasing amount of electronic data. Probe-based storage has garnered recent interest for its viability as an alternative storage technology because of its potential for achieving high density at low cost. In probe-based data storage systems, highly parallel arrays of cantilever probes with nanoscale tips read and write bits on a medium. The type of medium used determines the mode of reading and writing bits on the media. Thermomechanical read and write technology on polymer media is one method of probe storage [1, 2] . This technology has been demonstrated to have the potential for data densities greater than 1 TB in −2 [3] . In addition, recent results have reported write speeds approaching 1 MHz [4] . However, a severe limitation of this technique is the read speed. In order to scale up the data rate, the thermomechanical time constants of the cantilevers must be significantly improved, which, however, may approach the physical limits [5] . Electrical probe storage offers an attractive alternative for high speed data storage. However, for either of these technologies, the tip diameter plays a significant role in the functionality of the device. Continuous use of the device results in significant tip wear that can cause loss of functionality. Indeed the tip diameter must be maintained below 10 nm for storage densities of 4 TB in −2 and higher, while sliding over several kilometers. This is a rather demanding requirement, and can potentially find solutions in the use of harder materials [6, 7] that can potentially increase cost, along with a suitable read-out scheme [8] that can decrease wear rates. In electrical probe-based storage technologies, phase change materials such as Ge 2 Sb 2 Te 5 are used as a medium and its phase is transformed locally using a probe [9] [10] [11] . A phase transformation from amorphous to crystalline or vice versa by Joule heating using conducting cantilevers results in a 100-1000-fold change in resistivity, depending on the choice of the capping layer. Phase-change-material-based electrical probe storage offers advantages such as better contrast between crystalline and amorphous bits, resulting in superior signal-tonoise ratios, and potential for higher data rates. While this technology is not very mature, its potential for higher data rates is especially attractive since it allows for possible scaling by decreasing the required parallel operations. In addition, given the relative simplicity of the probe structure itself, this technology could lend itself to low cost manufacturing. However, this mode of probe storage is plagued by problems related to unreliable conduction of the probe tips. High forces (typically between 40 and 300 nN) to achieve reliable conduction between the tip and the capping material are required, which exacerbates the issue of tip wear. Further, the media is in itself harder than the polymer media used in thermomechanical probe storage. The combination of these two factors, combined with high current densities at the tip, can severely affect the integrity of the nanoscale tip apex of the cantilevers. As the diameter of the conducting tip increases, it results in reducing the density of written bits as well as the read-back sensitivity of previously written bits. This has held back large-scale use of this mode of probe storage, since reliable operation requires preserving the nanoscale integrity of the tip apex over long sliding distances.
Presently available commercial probes do not address the long-term reliability of the tip apex for sustained conduction (see the appendix), where the issue appears to be the wear of the conductive coating (such as Pt-Ir), after which the probes do not conduct reliably. For probe-based technologies using conducting tips to be commercially viable, this issue of tip wear must be addressed. Platinum silicide is a hard material and previous work has found that PtSi forms a far superior nanoscale electrical contact capable of sustaining fairly high current densities [12] .
In this paper, we introduce the concept of an encapsulated probe of single-crystal silicon with a nanoscale platinum silicide conducting core (see figure 1 ). This would increase the contact area, thus reducing the wear-related increase in apex diameter without a significant penalty in achievable conduction mode image resolution or, in the case of data storage devices, storage density. Using a process that lends itself to large-scale fabrication of nanoscale tip apexes while using standard microfabrication techniques, we fabricate such tips on conducting silicon microcantilevers. Previous work on encapsulated tips by Akiyama et al [13] using molded polysilicon tips for applications in electrochemical sensing focused on the electrical isolation of the encapsulation as opposed to wear reduction. A recent report of a nanotube surrounded with an oxide has been verified for tips that are self-sharpening [14] . This does not mitigate wear per se, but helps address the issue of wear-related increase in tip diameter. The inherent difficulty of the manufacturing process for these probes, however, could be a deterrent for cost-sensitive applications such as data storage. Herein, we describe the fabrication of encapsulated, silicidated, single-crystal silicon tips made by bulk etching. Many of these novel tips lack a systematic evaluation of their long-term operability. We address this issue by performing systematic long-term reliability tests on these nanoscale tips and verify that the wear reduces to very low rates because of the encapsulation. To our knowledge, this is the first such report of the long-term conductivity evaluation of nanoscale tip apexes. Indeed, a recent review mentions the tip degradation as among the major issues associated with the reliable assessment of properties using C-AFM-based methodology [15] .
Fabrication
The conducting cantilevers are fabricated on silicon-oninsulator wafers with an n-type device layer of 2 μm thickness doped to 3 × 10 18 atoms cm −3 . The process flow for the fabrication of these cantilevers is shown in figure 2 . The tip is patterned and etched isotropically using SF 6 . During this step, the anchor for the cantilever is also defined. This anchor helps in controlling the length of the cantilever accurately. An oxidation step for sharpening the tip is then carried out. The oxide is removed in buffered hydrofluoric acid. This step is similar to that used in [16] . Using lift-off techniques, platinum is selectively sputtered on and around the tips with a lithographic step consisting of a 3 μm diameter area around the tip apex. Silicidation of platinum at the tip is achieved by annealing in forming gas at 700
• C for 5 min using a rapid thermal annealer. The unsilicidated platinum is then etched away in 3HCl:1HNO 3 at 80
• C. This step is followed by the formation of encapsulation. We achieve this by conformally depositing 200 nm of silicon dioxide using plasma-enhanced chemical vapor deposition (PECVD). Deposition using PECVD gives better control over the thickness of the silicon dioxide. Further, small differences in tip heights due to changes in the thermal oxidation in the first step are not carried over to this step because of the nature of the conformity of this coating. This is not the case with thermally grown oxide, where the cone angle can play a critical role. This uniform coating helps in the subsequent etching process of the encapsulated oxide, since the etching can now be better controlled. The silicon dioxide is etched selectively (with respect to platinum silicide and silicon) in RF plasma using CHF 3 . Aluminum pads for electrical contact to the cantilevers are deposited and this is followed by patterning the cantilevers and releasing the cantilevers using a deep reactive ion etching (DRIE, SF 6 -based Bosch process). Scanning electron micrographs of a chip and a cantilever are shown in figures 3(a) and (b), respectively. The cantilever is suspended at the end of an anchor (defined during the tip etch) to accurately control its length. The free end of the cantilever is tapered in order to allow the cantilever to approach the surface at small angles. The fabricated encapsulated tip is shown in figure 3 (c), where the encapsulated inner core of the tip is seen through the encapsulation at high accelerating voltages. From the figure, it is apparent that the physical radius of the tip (including the encapsulation) is around 150 nm, while the conducting core at the apex is less than 20 nm in radius. It is expected that this larger physical radius of the tip would help in mitigating the wear of the nanoscale conducting core. The yields for the process are expected to be high and, in our case, were limited by the sophistication of our facilities. In principle, modern fabrication facilities can be expected to achieve extremely high yields for such a process, since it uses standard microfabrication techniques to achieve nanoscale tip dimensions. Further, if the shape of the tips are tuned properly during oxidation, near-cylindrical tips for the first 100 nm or so can be obtained, thus minimizing the effects of initial wear on density and/or resolution for conduction mode imaging.
Evaluation of nanoscale wear
In the first set of experiments, our goal is to verify that very low wear is a consequence of the encapsulation. The presence of the encapsulation reduces the pressure on the tip owing to the increased surface area. However, the effect of pressure dependence on wear is not entirely clear. Archard's law [17] does not relate wear to a given loading force or pressure, and this holds true for macroscopic systems. Thus, it is entirely possible that, upon reaching the encapsulation, the wear volume remains the same, but the progress of wear along the main axis of the tip cone slows down, thus maintaining tip integrity. This would have the desired effect of a slower increase in core diameter radius. With the advent of probes the role of pressure dependence has been probed and a correlation between reduced pressure and low wear rates has been established [18, 19] . This would mean that the encapsulation would reduce the amount of wear simply because the increased area at contact would decrease the pressure. Thus, both these laws would have the intended consequence of reducing the rate at which the diameter of the conducting core increases. The encapsulation is, however, of silicon dioxide, which is known to undergo tribochemical etching in ambient conditions [20] . The wear experiment serves to ascertain its role in the nanoscale reliability of the tip apex.
For mechanical wear evaluation, we chose cantilevers with spring constants of 1.13 N m −1 . These cantilevers are 500 nm thick, 50 mm long and 25 mm wide. The cantilevers were triangulated near the tip region to ensure that small tilt angles do not adversely damage the cantilever during experimentation. All the cantilevers had tips that projected slightly out of the oxide encapsulation. Since any longterm sliding experiment will result in some media wear, it is difficult to isolate the effects of tip wear in a long-term wear experiment. The amorphous carbon used on phase change stacks is typically 5-10 nm in thickness [10] , which is not sufficient for a wear test of several meters. Hence we monitor long-term mechanical wear on a 1 μm thick tetrahedral amorphous carbon (ta-C). This surface gives an adequate thickness for a long-term wear experiment. In addition, ta-C is a close model material for the amorphous carbon capping layer used on phase change media. Further, ta-C is a hard material, while possessing negligible surface roughness because of its amorphous nature [21] . Such a material is essential to minimize observing effects of the media wear for long-term experiments on such tips.
The wear tests were carried out in ambient air on a vibration-isolated clean bench. The experimental set-up consists of a red laser which is reflected off the cantilever surface. The position of the cantilever is monitored on a fourquadrant photodiode. The cantilever itself is fixed, while the sample is mounted on a piezoelectric stage. The piezoelectric stage is controlled by a controller, and its position is monitored by a control loop. We use a normal loading force of 200 nN for the wear tests. We note that this is a fairly high loading force when compared to standard operation; however, such a high loading force would help in maximizing wear, so that it is observable under reasonable sliding distances. The sliding velocity for the tip was 0.25 mm s −1 and is significantly higher than those achievable in standard AFMs, but high velocities are a requirement for large-scale applications of probes in commercial technologies such as nanolithography and data storage.
While the ideal situation is to monitor wear by imaging the tips in situ while sliding, such an experiment for long-term, fast sliding experiments is not practical. In order to monitor wear at specific intervals, it is possible to remove the tip, image it and then reuse the tip. This is not preferred because every time the tip is removed and reused, there is a serious risk of contamination and the actual tip area that comes into contact will change. Monitoring wear of the tip by monitoring changes in the quality of the image is also not practical, owing to the lack of good features on these surfaces and, more importantly, because the nature of the surface changes over the course of the wear experiment. Hence, we monitor wear in situ during the experiment by monitoring adhesion force of the tip, which can be estimated from the pull-off distance of an approach curve. Pull-off distances are recorded after every 1.6 mm of sliding. This recording is automated. The pull-off force (or adhesion) is simply the product of this distance and the spring constant of the cantilever. Since the tips are near-conical, the diameter of the apex increases as the wear progresses. The increasing diameter would result in increasing adhesion forces, since contact area increases proportionally to the square of the diameter, which in turn relates to the pull-off force. The use of this method is described in [11] and [18] . The relationship between contact area and adhesive force can be related by a proportionality constant:
where F adh is the force of adhesion, measured from the pull-off distance of an approach curve, a is the tip radius and k adh is a constant for a given pair of surfaces. The adhesion force is measured directly by the pull-off force. In this manner the adhesion is monitored in situ as a function of sliding distance. In this paper, we do not seek to correlate adhesion force directly to tip diameter. Rather, we use the measure of adhesion as a tool to evaluate the wear in situ, as the tip slides on the surface. By monitoring this force, one can estimate when the small projection of the tip is worn, thus reaching the SiO 2 encapsulation. Using the starting radii for these tips, as estimated from scanning electron micrographs, we can estimate the k adh to be 3 N m −1 . In figure 4 , two wear curves for tips named N16 and N17 (these are as-fabricated chip reference numbers and we use the same for experimental reference) is shown. Using the values of k adh as calculated above, the force upon reaching the encapsulation for tip N17 is estimated to be 240 nN. For N16 (not shown here), at the encapsulated region we estimate the adhesive force to be roughly 135 nN. We note that the k adh is obtained for PtSi which, from the experiments described in [11] , has a slightly lower value as compared to SiO 2 . This discrepancy is seen as a slightly higher force of adhesion at the encapsulation in the experiments described here; however, their purpose, to estimate when the wear has progressed to the encapsulated regime, is still served.
In figure 4 , we see that initially the adhesion increases rapidly owing to the small tip radius. Once the wear progresses close to the SiO 2 encapsulation, we see some irregularities in the wear curve, perhaps due to the presence of surface roughness on the SiO 2 . However, when we reach the encapsulation the tip does not wear considerably. For N17, as is evident from the graph, the adhesion does not change perceptibly after 1 m of sliding and stays at this value for an additional 10 m, at which point the test was stopped and the tip imaged. (Please note that both axes in figure 4 are on a log scale.) The image of N17 before and after wear is shown. It is observed that, for N17, the observed pull-off force stabilizes at about 265 nN, which agrees well with the estimate of 240 nN. For N16, as expected, there is a sudden change in the pull-off force slope to a region of lower wear rate at ∼150 nN. Once again, this corresponds well to the estimated 135 nN. However, for N16, the cone angle at the encapsulated region is smaller as compared to N17; hence the tip continues to wear beyond this point until the adhesion force stabilizes at ∼310 nN after ∼3 m sliding and remains at this value for the remainder of the experiment.
From these experiments, we can conclude that the encapsulation indeed plays a role in dramatically reducing wear. As is evident from these wear experiments, the wear does not progress significantly once the encapsulation is reached. Thus the conducting core's diameter remains fairly constant while sliding on the encapsulated region. This is an extremely important requirement for reliable operation of conducting probes over long sliding distances.
Reliability in nanoscale conduction
A more important figure of merit for conducting tips is their ability to conduct reliably. While many commercially available conducting mode AFM tips do conduct very well for short sliding distances they fare poorly when large-scale deployment of such probes in applications that demand better sliding performance such as nanomanufacturing, nanometrology or data storage. Our experiments on these tips on amorphous carbon films show that the conduction of these tips becomes sporadic after less than 5 mm of sliding (see the appendix). The superior conduction of PtSi has already been reported in [11] . In this paper, we report on the conduction of the encapsulated tips in contact and their performance in sliding wear.
The set-up used to verify the long-term conduction is shown schematically in figure 5 . In addition to the photodiode, sample and cantilever assembly as used for the mechanical wear experiment described in section 3, it consists of a circuit to monitor the current through the tip. The cantilever is held at ground potential, while a voltage is applied to the sample through a bias resistor. The voltage drop across the tip-sample interface is monitored, as is the current through the circuit. For the experiments described here, we use a voltage of 8 V applied through a 100 M resistor. In order to establish conduction on contact, the angle of approach to the surface plays an important role, since for high angles the encapsulation would come into contact before the conducting core. For the experiments performed here, the angles of incidence were kept below 6
• . An approach curve for an encapsulated tip on TiN is shown in figure 6 . It is observed that the tip starts conducting at or immediately after coming into contact with the TiN surface. Further, during retraction, the electrical conduction is maintained until the tip snaps off the surface. Owing to the encapsulation, one observes a fairly high contact adhesion. This higher force of adhesion could potentially play a role in maintaining good contact between the tip and the sample.
As mentioned earlier, an important aspect of sliding mode experiments is to find a surface that does not wear easily, and even if worn, the particles do not adhere easily to the surface of the conducting probes. While ta-C is such a surface, it does not conduct, hence is unsuitable for long-term conduction experiments. Doped amorphous carbon is one such surface and has earlier been optimized for applications in phase change probe storage. We perform sliding experiments on a sputtered 5 nm amorphous carbon film on SiO 2 . We maintain a loading force of 100 nN using a cantilever with a spring constant of 0.1 N m −1 . For this experiment, cantilevers were chosen such that the projection of the conducting PtSi core was negligible and the contact of the encapsulated region is verified by the high value of adhesion recorded during an approach curve.
The tip was scanned on the surface at a velocity of 0.25 mm s −1 while controlling the loading force at 100 nN. Each scan was performed in an area of 40 mm × 32 μm, traveling a total of 1.6 mm/scan. Conduction line scan data was obtained every fifth scan. Subsequent scans were performed by stepping 5 nm apart to minimize media wear by ensuring that the same area was not scanned too often, which helps in ensuring that the same lines are not repeatedly scanned over the course of the experiment, thus having some degree of wear control over the media. Figure 7 (a) shows the line scan conduction image on the 5 nm carbon film. We observe that, over time, the carbon film eventually wears off, resulting in the gradual increase in contact resistance (as derived from the measurement of the voltage dropped across the tip-sample interface). Eventually, the voltage drop is observed to be 0 V, which is an open circuit. In order to verify that this is not a consequence of the tip wear, rather that of the media wear, we image a new area after 2.5 m of sliding. It is observed, as shown in figure 7(b) , that the conduction is immediately established in this new area. The line scan looks different because the area being imaged is different, but the lowest resistance is consistent with that observed prior to the long-term conduction. This confirms that the medium wears out and stops conducting, but the tip continues to conduct even after sliding for 2.5 m. This is an extremely promising result, since it directly addresses the issue of long-term conduction and mechanical stability of tip apexes for use in conducting probe technologies, especially data storage. Such long sliding distances are very difficult or even impossible to achieve with conducting tips of less than 20 nm in radius (see the appendix). These conduction experiments show that these tips can sustain nanoscale conduction over sliding distances of 20 million times the diameter of these tips, at relatively high normal loading forces. From [11] , we also know that they are capable of sustaining currents close to 1 mA, which is a remarkably high current for tips of such small apex diameters.
Conclusions
In conclusion, we have fabricated tips of platinum silicide encapsulated in SiO 2 . This process lends itself to large-scale manufacturing. The long-term wear of these tips is evaluated systematically using the force of adhesion as a measure of in situ wear. We demonstrate that the wear slows down dramatically after the encapsulated region is reached, as shown from the stabilization of the force of adhesion at the tipsample interface. Such tips are shown to be mechanically stable for a sliding distance several tens of million times the diameter of the tip. It is also shown that the electrical conductivity of the tip is sustained for at least 2.5 m of sliding. These are the first demonstrations of such long-term sliding mode conduction reliability of nanoscale tips. Such high reliability is required for large-scale commercialization of conducting mode technologies, including for the most mature of these, data storage. These experiments lay the foundation for future experiments that could study the effect of encapsulation on phase change media write and read operations. Future experiments will try to understand how this additional surface area could contribute to the size of the written bit and the write power for data storage, since large surface areas could potentially draw heat from the surface. This is, however, not expected to be an issue given the very low thermal conductivity of the SiO 2 and the fact that much of the crystallization occurs in the center of the chalcogenide stack, where the power drop is the highest. Such tips can be used for any application requiring long-term conduction resolution at the cost of topographical resolution. Such reliable performance metrics for nanoscale conducting tips also has potential applications on conducting probe-based nanolithography and nanometrology. Experiments similar to that described in the long-term conduction experiments performed in the main body of this paper were also carried out using commercially available conducting mode tips. These tips were coated with Pt-Ir and had an apex radius of 20-25 nm (Nanoworld SCM-PIT electrostatic force microscopy tips with PtIr 5 coating, http:// www.nanoworld.com). Conduction experiments while sliding on an amorphous carbon surface were performed using these cantilevers, maintaining a load of 100 nN.
In figure A.1, a picture of a worn tip after 30 mm of scanning on a carbon surface is shown. The red line indicates the outline of the unworn tip. We observed that the wear data was highly uneven because the mechanism of wear is typically that of the coating (in our case PtIr) peeling off the tip region, thus making the pull-off force an unreliable measure of wear. While the wear is substantial for a short scan of 30 mm, the tips sustain conduction for an even shorter sliding distance. In this case, the tip lost conduction within the first 5 scans (or 8 mm of sliding). Since conduction is monitored only every fifth scan, the exact scan at which the tip failed is not known precisely. But this experiment serves to illustrate the severe limitation of commercially available conducting probes that have small apex radii. This compares very poorly to the 2.5 m sliding performance of the encapsulated tips.
In figure A.2 below, another commercial conducting tip worn at a loading force of 50 nN on a carbon surface is shown after 30 mm of scanning. This tip did not sustain conduction after 3.2 mm of scanning. Further, the current through these tips is limited to 1 μA, which is three orders of magnitude less than what can be sustained through the tips described here.
